Results: Combined application of 8 t FYM ha
−1 + 30 kg P ha −1 + 3.6 t lime ha −1 significantly (P < 0.05) increased plant height, number of leaves and branches per plant, pod length, biological and straw yields. Grain per pod, grain yield and thousand grain weight were significantly (P < 0.05) increased with the application of 4 t FYM ha −1 + 15 kg P ha −1 + 7.2 t lime ha
. This treatment resulted in 102% grain yield advantage over the control. The next higher grain yield advantage of 89% was achieved with 4 t FYM ha −1 + 15 kg P ha −1 + 3.6 t lime ha −1
. Nodule number and nodule dry weight per plant were also improved due to 4 t FYM ha −1 + 15 kg P ha −1 + 7.2 t lime ha −1 application. Among sole treatments applied separately, 8 t FYM ha −1 was observed to be superior in all parameters considered followed by 7.2 t lime ha
Background
Faba bean (Vicia faba L.) is an important highland pulse crop of Ethiopia, which covered 520,519 ha of the cultivated land with annual production of 6,88,667 tons and a productivity of 1323 kg ha −1 [1] . The crop takes the largest share of the area under pulses production. It is a crop of manifold merits in the economy of the farming communities in the highlands of Ethiopia and serves as a source of food and feed [2] . It is one of the legumes being integrated into the smallholder farming systems to improve soil fertility through atmospheric dinitrogen (N 2 ) fixation and serve as cheap source of protein. However, the yield in the country in general and in the study area in particular is still low, which is below the world average where faba bean yield is 1700 kg ha −1 [3] . Several
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Agriculture & Food Security factors account for the low productivity of faba bean, of which soil acidity and fertility decline, frequent disease occurrence, parasitic weeds and lack of high yielding varieties could be mentioned [4] . Soil acidity and associated low nutrient availability is one of the major constraints to faba bean (Vicia faba L.) production on Ethiopian highlands. Under such acid soils, severe chemical imbalance caused by toxic levels of exchangeable aluminum (Al), manganese (Mn) and hydrogen (H) ions coupled with a parallel critical deficiency in available nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn) and molybdenum (Mo) limits the growth and production of legumes [5] .
Low diversity of Rhizobium leguminosarum has been reported in acid soils compared to limed soils [6] . Thus, limited persistence of rhizobium in the soil can depress nodulation and growth of faba bean in acid soils. Similarly, Kellman [7] reported abundance of rhizobium in soil and on plant roots is reduced due to soil acidity which directly inhibited colonization and nodulation. High concentration of Al 3+ inhibits root infection with rhizobium and nodule initiation even in the presence of sufficient number of rhizobium [8] .
Soil acidity, either natural or developed by human activity, has serious negative effects on the sustainability of annual crop production in various parts of the world. Soil acidity management and crop productivity improvement are therefore important for enhancing food provision globally and regionally.
The adoption of management practices involving integrated application of lime and OM of animal and plant origin increases the quality of soils, by reducing acidity and improving soil chemical and physical properties, serves as a source of nutrients, maintains soil moisture and neutralizes toxic Al [9] . Research has shown that application of FYM or compost has significant impact on the chemical, physical and biological properties of the soil. Most of these effects are due to an increase in soil OM [10] . Manure is an excellent source of major plant nutrients such as N, P and K, and also provides many of the secondary nutrients that plants require. Manure also has a liming effect, which neutralizes the acid characteristic of most smallholder soils [11] . This could in turn provide favorable conditions for rhizobium survival. Changes observed in soil physical properties include increased infiltration, water-holding capacity and reduced compaction and erosion [12] .
The use of composts has been recognized generally as an effective means for improving soil aggregation, structure and fertility, increasing microbial diversity and populations, improving the moisture-holding capacity of soils, increasing the soil cation exchange capacity (CEC) and increasing crop yields [13] . The improvement in the nodulation, growth and yield characters of faba bean and other legumes from organic amendments has been reported by different researchers [14] [15] [16] .
Moreover, application of lime tends to raise the soil pH by displacement of H + , Fe
2+
, Al 3+ and Mn 4+ ions from soil adsorption site, and subsequent neutralization of H + and precipitation of Fe, Al, Mn as hydroxides [17] . More than increasing soil pH, it also supplies significant amounts of Ca and Mg, depending on the type of liming materials. Indirect effects of lime include increased availability of P, Mo and B, and more favorable conditions for microbially mediated reactions such as N 2 fixation and nitrification, and in some cases improved soil structure [18] .
Phosphorus nutrition plays important role in legumes and symbiotic N 2 fixation. The formation of seeds and fruits is especially depressed in plants suffering from P deficiency. Thus, not only yields but also poor quality seeds and fruits are obtained from P-deficient soils [19] . It has been reported that faba bean requires high P for energy expenditure in nodule formation [20] .
Several researchers [21] [22] [23] have conducted studies on soil fertility management of faba bean in different areas of Ethiopia. Most of the reports revealed significant improvements on the yield of faba bean due to chemical fertilizers and manure applications. However, the integrated effects of lime, organic, inorganic and biofertilizers on the growth and yield of faba bean remain less investigated.
Farmers in Lay Gayint District have access to FYM and compost, though there is strong competition of these organic amendments for fuel. On the other hand, the cost of mineral fertilizers and lime is getting high, beyond their purchasing capacity. Therefore, the contributions of these locally available amendments integrated with inorganic and biofertilizers on faba bean yield need investigation. Consequently, this study aimed at evaluating the effects of lime, mineral P, FYM, compost and Rhizobium leguminosarum and their combination on faba bean yields in acid soil of Lay Gayint District, northwestern highlands of Ethiopia.
Methods

Description of the study area
The study was conducted at Lay Gayint District of South Gondar Zone of the Amhara National Regional State (ANRS), Ethiopia. It is located at about 175 km northeast of Bahir Dar, along the Woreta-Woldia highway. The district lies within the geographical grid coordinates of 11°32′-12°16′ N and 38°12′-38°19′ E, and covers an estimated area of 1548 km 2 . It is one of the districts of the ANRS where food insecurity is a chronic problem for the majority of the rural population.
Altitude of Lay Gayint District varies between 1500 and 4231 meters above sea level (masl). The area is characterized by plain (10%), undulating (70%), mountainous (15%) and gorges and valleys (5%) topographic features. The major land use patterns of the study area comprise cultivated land (45%), grazing land (14%), forest/bush land (5%), water body (2%) infrastructure and settlement (6%) and unproductive land (28%). Agro-ecologically, the district is divided into four elevation and temperature zones, namely: lowland (kolla) (13%), midland (woinadega) (39%), highland (dega) (45%) and wurch (very cold or alpine) (3%) [24] .
Based on a 20-year climate data (1997-2016) obtained from Ethiopian National Meteorological Service Agency [25] , Lay Gayint District receives a mean annual rainfall of 1020 mm. The main rainy season occurs between June and September which represents the long rainy season (meher), and the small rainy season (belg) occurs between March and May. The mean minimum and maximum air temperature of the district is 6.9 and 21.9 °C, respectively.
Geologically, the study area is covered with loosely compacted tuff, boulders tuffs and normal light, finegrained tuff and basalts of varying texture which changes laterally to pyroclasts erupted during Cenozoic Tertiary and mid to late Tertiary period in the Pliocene [26] . The majority of the soils in Lay Gayint District include Cambisols, Luvisols, Leptosols and Regosols [27] .
Most of the people in the district are engaged in mixed agriculture (crop cultivation and livestock rearing). Crop production is entirely rain-fed, except in very specific and small areas where vegetables are cultivated using traditional and small-scale irrigation. The most commonly produced crops in the study area are annual crops such as
The agricultural activity in the area is not productive enough because of the recurrent natural calamities. Natural resources are deteriorating, and soil erosion is marked by the presence of expanding gullies. Rapid population growth has resulted in shrinking the farmland sizes and grazing lands. Land degradation, moisture shortage, ground and surface water depletion, increasing infertility of soil and natural hazards like drought, landslide, incidence of crop pests and weed and livestock diseases, coupled with cultural and attitudinal factors, are among the major problems in the study area. All these, in turn, have made the district one of the food-and nutrition-insecure areas of the ANRS.
Soil sampling and samples preparation
Surface soil samples of the experimental field at Lay Gayint District, with pH less than 5.5 measured at field condition using portable pH meter, were collected using auger at 0-20 cm soil depth. The collected soil samples were bulked to make a composite sample. The soil samples were air-dried, crushed and made to pass through a 2 mm sieve size for the analysis of soil pH, texture, available P, exchangeable bases, exchangeable acidity and CEC, whereas, for analysis of OC and total N, samples were made to pass through 0.5 mm sieve size.
Determination of soil physical and chemical properties
Soil texture was determined using Bouyoucos hydrometer method [28] . Bulk density (BD) was determined on the undisturbed soil sample using the core method, in which the samples were dried in an oven set at 105 °C to constant weight [29] . The oven-dried weight was divided by the volume of the soil core to get the bulk density value. The pH of the soil was measured potentiometrically in the supernatant suspension of a 1:2.5 soilto-water ratio using a pH meter as described by [30] . Organic carbon was determined using the wet oxidation method [31] where the carbon was oxidized under standard conditions with potassium dichromate (K 2 Cr 2 O 7 ) in sulfuric acid (H 2 SO 4 ) solution. Total N was determined by the Kjeldahl method [32] , while available P was extracted using the sodium bicarbonate solution following the procedure described by Olsen et al. [33] . The exchangeable cations (Ca, Mg, K and Na) were extracted with 1 M ammonium acetate (NH 4 OAc) solution at pH 7.0 [43] . Exchangeable Ca and Mg in the leachate were determined by atomic absorption spectrophotometer (AAS), while exchangeable K and Na were determined by flame photometry [34] . The potential cation exchange capacity (CEC) of the soil was determined from the NH 4 + saturated samples that were subsequently replaced by K + using KCl solution. The excess salt was removed by washing with ethanol and the NH 4 + that was displaced by K + was measured using the micro-Kjeldahl procedure [35] and reported as CEC. Total exchangeable acidity was determined by saturating the soil samples with 1 M KCl solution and was titrated with 0.02 M NaOH as described by Rowell [34] . From the same extract, exchangeable Al in the soil samples was determined by application of 1 M NaF which formed a complex with Al and released NaOH and then NaOH was back-titrated with a standard solution of 0.02 M HCl [36] .
Manure, compost and liming material analysis, and lime requirement determination
Manure and compost pH was measured in water (soil-tosolution ratio of 1:5) using a pH meter with a glass and reference calomel electrode after the suspensions were shaken for 30 min and allowed to stand for 1 h. Total N content was determined by Kjeldahl method as described by Jackson [32] . The organic carbon was determined by wet oxidation method through chromic acid digestion [31] . Total P, K, Ca and Mg were determined following wet digestion with H 2 O 2 /H 2 SO 4 [37] . Total Ca, Mg, K and Na were determined by AAS and P measured as described by [38] . The calcium carbonate equivalent (CCE) of the Dejen lime was determined by dissolving a graduated amount of lime with excess of standard 0.5 M HCl followed by boiling for 5 min. The excess acid was back-titrated with standard 0.1 M NaOH solution using phenolphthalein as an indicator after filtration. From the amount of NaOH used to neutralize the excess acid of the blank and the filtrate, the CCE of the lime was calculated by Issam and Antoine [39] as:
Lime requirement (LR) of the soil was determined by Shoemaker, McLean and Pratt (SMP) single-buffer procedure [40] , where triplicate dry soil samples each weighing one kg were thoroughly mixed with 0, 800, 1600,
Volume of HCl (100 ml) Volume of infiltrate aliquate (10 ml) × 100 1000 × 2 × 100 g Weight of soil g 2400, 3200, 4000 and 4800 mg of CaCO 3 . Each soil sample weighing 1 kg was filled in polyethylene bags and mixed with the rate of lime to be tested. Then, the soil was mixed thoroughly and incubated under room temperature for a period of 30 days. The soil and the CaCO 3 were wetted with distilled water to maintain field capacity. Finally, soil samples were collected, dried and ground to pass through a 2 mm sieve and then the pH was measured. From the relationships between the amounts of CaCO 3 applied and the corresponding pH values, the level of CaCO 3 sufficient to raise the pH of the soils to 5.5 was selected as the lime requirement of the soils.
Experimental design treatments and procedures
The experiment comprised of 20 treatments with various combinations of lime, mineral P, FYM, compost, and rhizobium (Table 1) . These treatments were assigned to each plot of 2.4 m × 4 m in RCBD with three replications. Gross plot size consisted of 12 rows of faba bean spaced at 40 cm of 4 m length. The net plot size was 1.6 m × 3.2 m leaving one outer most row on both sides of each plot and 0.4 m row length at both ends of rows as borders. The land was plowed two times before planting by using oxen drawn implements. Lime (CaCO 3 ), FYM, and compost were applied thoroughly and evenly distributed to the plots and worked into the soil 40 days before sowing the seed of faba bean where as P was applied at planting. . Faba bean seeds were sown at a rate of 200 kg ha −1 during the mid of June 2016. The necessary field management practices were carried out as per the practices followed by the farming community around the area.
Data collected
At harvest, ten plants were taken at random from the center to estimate: plant height (cm), number of branches and leaves per plant, pod length (cm), number of pods per plant, grain per pod (g), thousand seeds weight (g). Total aboveground biomass yield was determined by weighing after complete sun-drying at harvest from the net plot of 5.12 m 2 and converted into kilogram per hectare. Grain yield was measured by threshing the dried plants from the net plot area and adjusted to 12.5% seed moisture content and straw yield was determined as the difference between the total aboveground biomass (straw plus grain) and the grain yield of the respective treatments.
Nodule number and dry weight per plant were assessed from each treatment. The root of faba bean plant was uprooted using a hand fork and washed by tap water. Nodules remaining in the soil were picked by hand. Nodules attached to each plant root were also removed and separately spread on a sieve for some minutes until the water drained from the surface of the nodule. Finally, the average number of nodules plant −1 was recorded for each treatment. After the nodules were oven-dried to 65 °C for 48 h, the average nodule weight per plant was measured for each treatment.
Statistical analysis
The data obtained were subjected to analysis of variance (ANOVA) that is appropriate to experimental design as described by Gomez and Gomez [41] by using the generalized linear model (GLM) procedure of statistical analysis system (SAS) software package version 9.1 [42] . Duncan's multiple range test (DMRT) was employed to test the significant difference between treatment means.
Results and discussion
Soil fertility status prior to experiment and quality of organic amendments
Following the USDA [43] soil textural class triangle, the soil is clay in texture and the clay separate is the dominant one ( Table 2 ). The soil bulk density value was below the critical value of 1.4 cm −3 for a clay texture to restrict root growth [44] . The soil was strongly acid in reaction [56] . The exchangeable soil acidity and exchangeable Al 3+ were 3.84 and 1.52 cmol c kg −1 soil, respectively. Under such soil acidity environment, crop growth is adversely affected due to the toxicity of Al on plant roots, reduced availability P and microbial activity such as atmospheric N 2 fixation, and OM decomposition [45] . The available P falls within the low range (6-10 mg kg −1 ) for clay soils [46] and therefore indicates the need for applying supplemental P in these soils. Exchangeable Ca 2+ and K + were in the range of medium, while exchangeable Mg 2+ and Na + were in the range of high and low, respectively, in the soil [47] .
The moderate range of exchangeable K + indicates that supplemental K fertilization is required based on the types and varieties of crops grown in the area. The soils at the experimental site had low organic C (0.5-1.5%) and medium total N (0.05-0.12%) [48] .
The result of LR determination indicates that the amount of lime required to raise the pH of the soils to the target pH value, which was 5.5, was 7.2 t CaCO 3 ha −1 . Since the soil has high clay content and CEC and thus high buffering capacity, high amount of lime was required to alleviate acidity and increase the productivity of acid sensitive crops. The analysis of manure and compost is given in Table 3 . 
Effects of amendments on growth characteristics of faba bean
Application of organic and inorganic amendments significantly (P < 0.05) increased plant height, number of branches and leaves per plant and pod length over the control and the magnitude varied with treatments (Table 4) . Application of 8 t FYM ha −1 + 30 kg P ha −1 + 3.2 t lime ha −1 showed maximum number of branches and leaves per plant and pod length of faba bean (Table 4) . Among the sole treatments, addition of 8 t FYM ha −1 was superior in bringing about improved growth parameters of faba bean in acid soil. On the other hand, these growth attributes were found to be the lowest with sole P application at 30 kg P ha −1 . The observed increased growth characteristics of faba bean could be due to the incorporation of FYM, which supply favorable chemical, physical and biological soil environment in the growth medium. The release of N through decomposition of FYM augmented with biological N 2 fixation by the host crop itself favored the growth in height, leaves and pod length of faba bean. Integration of lime further played significant role in reducing soil acidity and Al toxicity, and therefore increasing the availability of the applied P. The availability of P in turn might hasten root growth to explore wider volume of soil and absorb water and nutrients that increased the aboveground biomass of faba bean. The lowest growth indicated with sole P application could be due to P fixation in acid soil. Additional studies reported increase in plant height of faba bean due to FYM and P application [23] , number of branches and leaves of faba bean due to combination of FYM and rhizobium [49] . Consistent with this finding, Chinthapalli et al. [50] indicated that application of cow dung at 15 t ha −1 showed significant growth over the inorganic fertilizer urea and potassium chloride in terms of germination percentage, fresh weight and dry weight, plant height, shoot length, root length as well as number of leaves in faba Bean and pea plants at Arbaminch.
Effects of amendments on yield characteristics of faba bean
The yield parameters such as grain per pod, grain yield, straw yield, biological yield and thousand grain weight were found to be significantly (P < 0.05) influenced with the application of sole and combined organic and inorganic treatments. Application of 8 t FYM ha −1 + 30 kg P ha −1 + 3.6 t lime ha −1 increased number of pod per plant from 3.4 to 9.2, straw yield from 1037 to 2904 kg ha −1 and biological yield from 1910 to 4431 kg ha −1 ( Table 5 ). The other treatment having 4 t FYM ha −1 + 15 kg P ha −1 + 7.2 t lime ha −1 increased grain per pod from 2.0 to 3.6, grain yield from 873 to 1769 kg ha −1 and thousand grain weight from 357 to 650 g. This combination marked 102% grain yield advantage over the control. The result implied that reducing the rate of FYM and P by half and increasing the rate of lime from half to full in the treatment combinations caused applied to the soil improved the yield traits, while lower yields were obtained from sole P. The effect of 8 t FYM ha −1 + 30 kg P ha −1 + 3.6 t lime ha −1 to show increased growth in height, branches and leaves was not reflected in the grain yield of the crop. Although more number of pods per plant were observed, the seeds filled in the pod were less in number and weight indicating that application of 4 t FYM ha −1 combined with 15 kg P ha −1 was sufficient to give better grain yield provided that the soil is limed with 3.6 t lime ha −1 . The importance of P nutrition in increasing dry matter production was noticed in soils treated with lime and FYM. For instance, application of 8 t FYM ha −1 + 30 kg P ha −1 + 3.6 t lime ha −1 added the yield by 17% as compared with the same combination but without P integration (8 t FYM ha −1 + 3.6 t lime ha
). Getachew and Chilot [51] revealed that FYM and P fertilizer had a highly significant effect on plant height, number of pods per plant, total biomass and seed yield of faba bean in acid soil. Likewise, pods and seed yields per plant were increased significantly with applying chemical + biofertilizer + organic as one treatment which produced the highest pods and seed yields per plant of faba bean [52] .
Manisha et al. [53] revealed that the integrated application of organic wastes and chemical fertilizer in conjunction with lime significantly improved the yield and quality of peanut. Application of FYM was superior to NPK application, while further liming showed the maximum increase in plant height, pod length and pod number per plant of pea in acid soil over the control [54] .
The decomposition of FYM and the resultant nutrient release, the increase in soil pH due to lime together with P nutrition contributed for the increase in grain, straw and biological yields of faba bean. Hellal et al. [55] explained that these increases in yield and its components as a result of application of the FYM may be attributed to the release of micro-and macronutrients, which might enhance the activity of photosynthesis and protein synthesis in the leaves that in turn reflected positively on faba bean yield attributes.
The significant effect of P with FYM may be due to the fact that organic anions and hydroxy acids liberated during organic matter decay have immobilized Fe and Al through complexation or chelation and therefore prevented phosphate ions from reacting with Fe and Al [56] . The growth and yield responses to adding lime in the combination might be attributed to the decrease in exchangeable Al 3+ content and to an increase exchangeable Ca
2+
, and stimulated P nutrition and increased the P content in the tissue of faba bean. In the same way, Ayodele and Shittu [57] suggested that manure enhanced maize response to lime and fertilizer application through the improvement in soil pH, available P and exchangeable Ca and Mg, and reduction in Al, Fe and Mn. The presence of P in the combination could contribute for the growth and yield increase. This increase in yield may be due to the physiological role of P on the meristematic activity of plant tissues and consequently increasing plant growth. Phosphorus also functions as a part of enzyme system, having a vital role the synthesis of other foods from carbohydrate [58] . The lack of significant yield response due to inoculation is attributed mainly to the presence of native effective strains of rhizobium in the soil, which could be activated when pH is improved [59] . Furthermore, the rhizobial strain might not be effective to the soil conditions of the study area. The lower yield obtained due to only P may be attributed to the acidity of the soil that renders P unavailable through P fixation.
Effects of amendments on nodule characteristics of faba bean
Nodule number and nodule dry weight were significantly (P < 0.05) affected with the application of organic and inorganic treatments over the control. The highest nodule number and dry weight per plant were obtained from the application of 4 t FYM ha −1 + 15 kg P ha −1 + 7.2 t lime ha −1 (Table 6 ). Considering sole treatment application, maximum number of nodules and nodule dry weight per plant were recorded due to the application of 8 t FYM ha , while the lowest was from sole P.
In consent to the present finding, nodule number and weight of various legumes were increased due to P and FYM applications [60] . The plants which were not inoculated with rhizobium, but treated with FYM, lime and P formed nodules with a higher number as compared with plants inoculated and received the same treatment. This could also be verified by comparing the results from sole rhizobium inoculation and sole lime application. The result showed that the soil contained indigenous rhizobium that could be activated and effective in nodule formation and when the soil pH is corrected, sufficient carbon is supplied and P is supplemented. Liming reduces Al 3+ and H + ions as it reacts with water leading to the production of OH − ions, which react with Al 3+ and H + in the acid soil to form Al (OH) 3 and H 2 O. The precipitation of Al 3+ and H + by lime causes the pH to increase, enhances microbial activity and nutrient availability [61] . Mineral P which is readily available is involved in the high rates of energy transfer that must take place in nodule formation. Besides, P promotes the development of extensive root systems and nodule development. The addition of FYM supplies of microorganism's food enhancing their population and therefore mineralization. Zengeni et al. [62] also indicated that indigenous rhizobium numbers is increased with manure application, which serve as a source of C and provide a favorable environment for bacterial multiplication.
Conclusion
The production and productivity of faba bean are constrained due to soil fertility decline and soil acidity, among other factors. In order to investigate the growth and yield of the crop, field experiment was conducted with separate and combined application of lime, mineral P, FYM, compost and rhizobium on acid soil of Lay Gayint District. The growth and yield parameters were significantly increased due to the treatments applied except sole mineral P.
The contribution of lime in reducing soil acidity, food and energy derived from FYM and the role of P in nodule formation and overall growth of faba bean were the important effects observed from the combination of treatments. Generally, 4 t FYM ha −1 + 15 kg P ha −1 + 3.6 t lime ha −1 could be recommended provisionally to reduce soil acidity and improve the productivity of faba bean in the study area. However, the experiment should be repeated over years including various strains of rhizobia isolated for acid soils. 
